Combustion processes are considered to be the main source of the dioxin emission in the Baltic region. Pentachlorophenol (PCP) and its derivatives, pentachlorophenyl laurate (PCPL) and sodium pentachlorophenate (NaPCP) are known as precursors of dioxins. The research was conducted to obtain the first data on the concentration of PCDD/Fs and PCP in the bottom sediments of the Port of Gdansk. Toxicity (the Microtox® test) as well as several sediment parameters have been examined.
INTRODUCTION
Harbor sediments are part of the benthic environment of varying composition and disturbed vertical layers due to periodic dredging works. It is associated with the deepening of the harbor channels' bottom in order to maintain their proper depth and with other activities aimed at modernization of the harbor infrastructure. The quality of the harbor bottom sediments is important because of the removal of the excavated material to sites located in neighbouring ecosystems (HELCOM 1992 , Sapota et al. 2012 ). Prior to dredging works, bottom sediments are analyzed to obtain information about the concentrations of heavy metals (arsenic, chromium, zinc, cadmium, copper, nickel, lead and mercury) , nine selected compounds from the group of polycyclic aromatic hydrocarbons (PAHs) and seven congeners of polychlorinated biphenyls (PCBs). According to the law, the excavated sediment (dredged spoil) can be stored on specially designated areas of land or sea, if the limits for measured concentrations of substances are not exceeded. The legal status of this issue in Poland is regulated by three acts:
The Regulation of the Minister of Transport
and Construction of the 26 th January 2006 specifying the detailed terms and conditions, the necessary data and procedures for issuing permits to discharge the dredged material into the sea, and dumping of wastes or other matter into the sea (Dz. U. No. 22, Item 166 Dioxins represent a group of substances that includes polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs). Also dioxin-like PCBs (dl-PCBs) are taken into account in the research. Among the 210 PCDD/Fs and 209 PCBs, respectively 7 PCDDs, 10 PCDFs and 12 dlPCBs congeners showed a significant toxicological effect (HELCOM 2010) . Nonetheless, only concentration of 118 dl-PCB congener is regularly analyzed in port bottom sediments.
The most toxic organochlorine compounds (PCDD/Fs and dl-PCBs) are listed in the Stockholm Convention (2001, 2009) . Although the data about high air pollution with dioxins over the area of Northern Poland (Bartnicki et al. 2013) and their high concentrations in bottom sediments of the Gulf of Gdansk are available (Niemirycz & Jankowska 2011) , there are not many results concerning the contamination of the port sediments by these compounds. This is particularly true for the Gdansk harbor.
Thus, the study was undertaken to verify whether and to what extent the harbor sediments are contaminated with dioxins. Moreover, the study aimed at the determination of the concentration of pentachlorophenol (PCP). The identified precursors of dioxins are PCP and its derivatives, including pentachlorophenyl laurate (PCPL) and sodium pentachlorophenate (NaPCP). The classification of PCP − one of the most important contaminants, the concentration level of which should be monitored − was recommended by Borysiewicz (2008) . The chemical was usually used for wood impregnation and removal of weeds (Nascimento 2004) . The technical PCP can be contaminated (10-15%) with other chlorophenols such as triand tetrachlorophenol or polychlorinated dibenzo-pdioxins and polychlorinated dibenzofurans (Hughes et al. 1985) . Usually, riverine inflows and atmospheric deposition are the main sources of PCP and PCDD/Fs and dl-PCBs in harbor sediments (Verta et al. 2007 , Niemirycz & Jankowska 2011 , Newfields 2013 .
Accumulation of persistent organic pollutants in the bottom sediments may pose a threat to the marine ecosystem. The necessity of continuous dredging in port channels exposes the environment to secondary contamination with hazardous substances. Therefore, all studies of the harbor sediment quality in terms of hazardous substances' concentrations and toxicity can be a valuable addition to assessments of the coastal zone, to eventually make a decision aiming at protection of the endangered marine ecosystem (Zielinski et al. 2014) .
In addition to PCDD/Fs and PCP concentration, this research paper presents the effect of physicochemical parameters (moisture content, organic matter, total organic carbon and granulometry) on the overall toxicity of the bottom sediments from the Port of Gdansk. Furthermore, the most important land sources emitting the PCDD/Fs into the bottom sediments of the Port of Gdansk were also determined based on the profile of dioxin congeners. This work made possible to obtain the first information about the content of dioxins in the sediments from the Polish marine ports.
MATERIALS AND METHODS

Study area
The study has been performed in the largest and most dynamically developing Polish sea port, i.e. the Port of Gdansk (Matczak & Ołdakowski 2011) . The area of the Port, including water bodies, is more than 1000 ha (www.port.gdansk.pl). All the operating quays are situated in the northern part on the southern shore of the Gulf of Gdansk and on the left and the right bank of the Dead Vistula River. This distributary of the Vistula was formed when the cross-cut of the largest Polish river was made in 1895. The flow velocity is slow, on average 0.02 m s -1 (Majewski 1994) . Whereas the sedimentation rate is quite fast (7 cm year -1 ) due to the location of the Port of Gdansk at the mouth of the Dead Vistula and mixing of fresh riverine water with brackish water of the Gulf of Gdansk (Szwernowski 1957) . The total water exchange in the port area occurs 11 to 17 times a year (Radke 2007) .
The waterside (outer part) of the Port of Gdansk specializes in delivery of liquid fuels, coal and coke. This represents more than 75% of the cargo delivered to the Port of Gdansk (Matczak & Ołdakowski 2011) . Also the container terminal is located in the outer part (Deepwater Container Terminal Gdansk). The largest Polish port is mainly geared towards transhipment of goods. The tourist and ferry traffic is of the secondary importance (Matczak & Ołdakowski 2011) . The main activities within the Dead Vistula mouth (inner part) include handling of general cargo (Wislane), containers (Szecinskie) and bulk cargo (Chemikow and Przemyslowe) (www.portgdansk.pl). In this area, ships with a draught of up to 10.2 m can approach to the quays. The residential areas and the shipyard are located within this zone. Development of the inner port infrastructure is planned through the construction of the Sucharski Route (ACTIA Forum 2012). The work was focused on four selected quays: Wislane (54°23'20"N, 18°40'03"E), Szczecinskie (54°22'54"N, 18°39'08"E), Chemikow (54°22'31"N, 18°39'46"E) and Przemyslowe (54°22'58"N, 18°39'76"E) (Fig. 1) . Description of sampling sites is presented in Table 1 .
Bottom sediments sampling
Sampling was conducted in the autumn of 2012 and 2013 (only Chemikow Quay), during the research cruises on board r/v "Oceanograf 2", which took place on the 26 th November and the 4 th December, respectively. Three surface layers (5 cm) of bottom sediments close to each quay (marked on Fig. 1 as I, II and III) were collected with the van Veen grab. This sampling technique was chosen, as the port bottom could contain dangerous materials for other more sophisticated probes (e.g. Niemistö gravity corer). The samples were stored in a portable freezer (for about 3 hours) and then placed in a laboratory freezer at a temperature of -21°C.
Samples were air-dried to a constant weight and sieved through a 2 mm mesh diameter sieve. Moisture content was determined. The total content of organic matter (measured as loss on ignition) was calculated after homogenization in a porcelain mortar and calcination at 550°C in a muffle furnace for 24 hours. To determine the granulometric characteristics of the collected sediments, 100 g was dried to a constant weight at 105°C and homogenized. Then, the granulometry of samples was determined by the sieve analysis. The sieves with φ 2.00, 1.00, 0.50, 0.250, 0.125, and 0.063 mm were used (Łęczyński & Szymczak 2010) . The type of sediment was determined using the GRADISTAT 5.11 beta program (Blott & Pye 2001) .
Instrumental analysis
Total organic carbon
The analysis of the total organic carbon content was performed by burning dry samples (fraction φ < 6.04 -8.88 M − moisture content; LOI -loss on ignition; n − the number of samples; TOC − the total organic carbon (standard deviation for TOC < 3% was 0.015% and 0.15% for TOC > 3%, accuracy according to TOC standard (1.61%) analysis − 0.3%); n. d. − no data; a except
2.00 mm) in the atmosphere of oxygen at 950°C by the vario TOC cube (Elementar Company GMBH).
Prior to the total organic carbon analysis, carbonates were removed by: acidification of bottom sediments by 1 cm 3 of 1 M HCl, and washing the sediments twice in 1 cm 3 of Milli-Q water. According to TOC standard (1.61%) analysis, the analytical method accuracy was − 0.3% and standard deviation for TOC < 3% was 0.15% and 0.015% for TOC > 3%.
Determination of pentachlorophenol
Representative samples were made from sediments collected at site I, II and III of each quay. The harbor bottom sediments were prepared for PCP analysis by 24 h extraction in the Soxhlet apparatus of 15 g to 60 g dry sediment (fraction φ < 2.00 mm) with the solution of methanol: Milli-Q water (4:1) and addition of 2% triethylamine. The extracts were cleaned by solid phase extraction (SPE) using BAKERBOND SPE C-18 (3 ml/200 mg) columns as follows: conditioning the columns with 7 cm 3 of methanol and 3 cm 3 of Milli-Q water, pouring the 3 mm layer of copper powder, passing the extracts through the columns at a flow rate of 1 cm 3 min -1 , elution of impurities with 1 cm 3 of Milli-Q water, elution of analytes with 5 cm 3 of acetonitrile into flasks. Extracts were concentrated on a rotary evaporator in flasks to dryness, then 1.5 cm 3 of acetonitrile was added. The solutions were transferred with a pipette into 1.5 cm 3 chromatographic flasks. Then samples were stored in refrigerator before being subjected to chromatographic analysis. The HPLC analysis was performed using the DIONEX apparatus and chromatographic conditions were as follows: the thermostat temperature 25°C, the UV-VIS detector (wavelength λ = 300 nm), the chromatography column Hypersil GOLD PFP (150 mm × 2.1 mm × 5 μm); mobile phases: eluent (B) methanol: acetonitrile (1:1) + 1% acetic acid and eluent (C) Milli-Q water + 1% acetic acid, flow rate 0.8 cm 3 min -1 , gradient elution: 20% B for 10 minutes, then B was gradually increased to maximum 80% at 30 th minute, then within the last minute of analysis returned to gradient 20% B.
Validation and quality parameters of pentachlorophenol analysis
Methanol, Milli-Q water, triethylamine, acetonitrile, acetic acid were of HPLC grade (POCH). The linearity of the applied analytical method, based on 17 points (the peak area corresponding to a given value of nanograms of PCP from 0.5 to 1000 ng), was calculated by Pearson's correlation analysis (correlation coefficient r = 0.9997). The mean recovery of pentachlorophenol concentration in the reference material (5 repetitions) was 100.21% and the obtained accuracy, expressed as standard deviation, was 0.027 ng g -1 d.w. The limit of quantification (LOQ) for pentachlorophenol analysis was 2.84 ng g -1 d.w. and the limit of detection (LOD) was 0.85 ng g -1 d.w.
Determination of PCDD/Fs
One representative sample (bottom sediments from three sites of each quay) of surface bottom sediments (10 g) (fraction φ < 2.00 mm) from Chemikow (2012) and Przemyslowe Quays were subjected to identification and quantification of 7 congeners of polychlorinated dibenzo-p-dioxins and 10 congeners of polychlorinated dibenzofurans by gas chromatography coupled with tandem mass spectrometry (GC-MS/MS). Properly prepared bottom sediment samples were extracted in the Soxhlet apparatus. Then, the step purification in specially designed columns was performed. This step was followed by quantitative determination based on the isotope dilution method. At different stages of the analysis, 13 C12-labeled PCDD/Fs congeners were added. The analysis was performed in an accredited laboratory (Laboratory for Trace Organic Analysis, The Cracow University of Technology) according to European Standard EN 1948 (PN-EN 1948 . Each result of the sum of 17 dioxin congeners is the arithmetic mean of three results. LOQ of PCDD/Fs analysis for Chemikow Quay was 0.48 pg WHO-TEQ g -1 d.w. and 0.45 pg WHO-TEQ g -1 d.w. for Przemyslowe Quay.
Toxicological analysis (Microtox®)
To determine the toxicity of sediment samples (fraction φ < 2.00 mm, 3 g of a sediment sample and 15 ml of NaCl solution), the Basic Solid Phase test (BSPT)-Microtox® was used. The advantages of this test are as follows: quick analysis time (45 minutesone sample), a relatively simple method, high sensitivity and reproducibility of the method (Traczewska 2011) . Indicator organisms are marine bacteria-Vibrio fischeri, which produce light as a result of the respiration process (luminescence). A luminometer in the apparatus Microtox®500 allows for an accurate determination of light emitted by Vibrio fischeri, which is used to determine the toxicity of the tested sample. Reduction of radiation is directly proportional to the toxicity effect of the analyzed sample. Toxicological analysis of bottom sediments from quays Wislane, Szczecinskie, Chemikow (2012 and 2013) and Przemyslowe was carried out according to the manufacturer procedures (Azur Environmental 1998) . Correlation between toxicity, sediment properties and granulometric characteristics was conducted (exponential regression line).
RESULTS AND DISCUSSION
Physico-chemical characteristics of the collected bottom sediment samples
The median value for organic matter, moisture and total organic carbon content of all analyzed sediments reached 5.38%, 43.32% and 1.62% respectively. Bottom sediments collected from Chemikow Quay (2012) were highly enriched with organic matter (between 3.44% to 13.29%) and moisture (between 42.52% to 67.21%) compared to other quays. Physico-chemical characteristics of sediments from Szczecinskie Quay and from Wislane Quay (situated closest to the Gulf of Gdansk) were very similar. The content of organic matter reached values from 1.89% to 7.86%, water from 27.51% to 55.49% and total organic carbon from 1.40% to 3.08% in Szczecinskie Quay. In the case of sediment samples from Wislane Quay, values ranged from 2.67% to 8.18% for the organic matter content, 35.25% to 58.60% for the moisture content and 1.79% to 3.88% for the total organic carbon content. In terms of the organic matter (2.73% to 8.68%) and moisture content (30.93% to 57.60%), characteristics of sediments from each site of Przemyslowe Quay were also similar. Nevertheless, the total organic carbon content (mean value 8.26%) and macroscopic appearance of these surface bottom sediments were significantly different compared to all other analyzed samples ( Table 1) 
PCDD/Fs and PCP concentrations in the port sediments
Due to the nature of the cargo handling at Chemikow Quay and physico-chemical parameters of Przemyslowe Quay (TOC, type of sediment), the elevated level of contamination was expected at these sites. All congeners of dibenzo-p-dioxins and dibenzofurans, considered to be the most dangerous for health and functioning of ecosystems, were detected (Table 2 ). This fact probably indicates the contribution of many sources (PCBs, chlorophenols, combustion of solid and liquid fuels) to the total concentration of dioxins in bottom sediments of the Port of Gdansk. The total concentration of ΣPCDD/Fs in the surface layer of bottom sediments from Chemikow Quay (2012) was 358.46 pg g -1 d.w. and from Przemyslowe Quay − 280.98 pg g -1 d.w. The highest concentration in both samples was determined for octachlorodibenzo-p-dioxin (OCDD) (76% and 80% contribution to ΣPCDD/Fs in Chemikow and Przemyslowe Quays, respectively). The congener with the second highest concentration was heptachlodibenzo-p-dioxin (HpCDD) (14% and 13% contribution to ΣPCDD/Fs for Chemikow and Przemyslowe Quays, respectively). The congeners of PCDFs with high concentrations included also highly chlorinated heptachlorodibenzofurans (HpCDFs) and octachlorodibenzofuran (OCDF). The value of the most toxic dioxins' isomers − tetrachlorodibenzo-p-dioxin (TeCDD), was almost three times higher in the sediments from Przemyslowe Quay (0.29 pg g -1 d.w.) compared to The percentage contribution of PCDFs to the total TEQ value for Chemikow Quay amounted to 40.09% and for Przemyslowe Quay − 30.26%. This means that the content of polychlorinated dibenzo-pdioxins prevails over dibenzofurans in both bottom sediments (Table 2, Fig. 2 ). The analysis of PCDD/Fs congeners in the present study and in the literature data leads to the conclusion that emission from the combustion processes of solid urban waste, wood and coal has the strongest impact on the concentration of dioxins in the bottom sediments of the Port of Gdansk (Everaert & Baeyens 2002) . Whereas the supply of pollution from the metallurgy of non-ferrous metals and iron is smaller, and the concentration of PCDFs is higher compared to PCDDs (Everaert & Baeyens 2002) . ) and the Gulf of Gdansk (W8a 11.2 pg g -1 ) (Niemirycz & Jankowska 2011) Considering TEQ values, the minimum amount of HpCDD indicates low pentachlorophenol pollution (NewFields 2013) in the Port of Gdansk. This data is in accordance with the results of analysis of PCP concentration (Table 3) (Radke 2007 , Radke et al. 2008 ), this area was described as accumulating high amounts of contaminants.
The results on the concentration of dioxins in the sediments from the Port of Gdansk against the results for other areas of the Baltic Sea are presented in Table 4 .
The Gulf of Finland and the Baltic Proper had the highest value of the concentration of 17 dioxin congeners in the Baltic Sea region. The lowest values are observed in the Gulf of Bothnia, the Gulf of Gdansk and the south-western Baltic Proper, whereupon they increase toward the Kattegat. Values revealed in the present study of ΣPCDD/Fs pg TEQ g -1 d.w. are comparable with the range of values reported for the Gulf of Gdansk (Niemirycz & Jankowska 2011 , Szlinder-Richert et al. 2012 . In Niemirycz & Jankowska (2011) research GG refers to the Gdansk Deep station (sampling depth of 107 m) and W8a refers to the inner part of the Gdansk Basin, which is theoretically less contaminated (depth of sample collection -31 m). What is more, the profile of dioxin congeners for that area and the Gdansk Deep is similar only for PCDDs (Fig. 2) . The main congeners for sites W8a and GG are also OCDD (45% − 67%) and HpCDD (12% − 18%). The main difference consists in the higher contribution of PCDFs (mainly ΣHxCDF and ΣHpCDF) to the total amount of PCDD/Fs in bottom sediments from W8a (18%) and GG (32%) sites. To summarize, the first results on PCDD/Fs concentration in bottom sediments of the Port of Gdansk showed that POPs should be monitored before removing the sediments (dredging works) to designated areas in the Gulf of Gdansk.
Toxicity assessment
Description of the bottom sediment toxicity was based on the toxicity units (TU) ( Table 5 ). The results of the toxicological analysis are presented in Table 6 . The non-toxic material (values between 0.46 TU and 4.77 TU) was collected from site III of Przemyslowe Quay (the longest distance from the Gulf of Gdansk), the middle part of Wislane Quay (site II) and from all sampling sites of Chemikow Quay (2013). Sediments determined as low toxic were collected from Wislane Quay III (mean value of 21.52 TU), Szczecinskie Quay I (mean value of 21.59 TU) which are situated closer to the center of the Bergqvist et al. 1989 , Koistinen et al. 1995 , Naf et al. 1997 , Verta et al. 1999 , Verta et al. 2003 , Bergqvist et al. 2005 It has been noted that the most toxic sample from Chemikow Quay (2012), station III, has a disproportionate value of toxicity compared to its bottom sediment characteristics. For this reason, two coefficients of determination (R 2 ) were calculated for all parameters presented in Table 7 . The coefficient of determination had a low value for all the data. After elimination of the TU value of sediment III from Chemikow Quay (2012), a high coefficient of determination was obtained for all possible parameters (Table 7) . Thus, that data was not included in the calculation of the relationship between toxicity and lithological parameters. A high coefficient of determination (p < 0.05) between the toxicity (TU) of the harbor bottom sediments and the moisture (R 2 = 0.89), the organic matter (R 2 = 0.90), φ 0.125-0.063 mm fraction (R 2 = 0.60) and the total organic carbon content (R 2 = 0.68) confirms that the sediment toxicity is closely related to the bottom sediment parameters. However, in the case of Chemikow Quay (2012) station III, the relationship between the toxicity and physicochemical properties of bottom sediments was weak. Table 5 Classification of the sediment toxicity expressed by EC50 (%) and TU (according to Kwan & Dutka 1995 , Sawicki et al. 2007 Toxicity units (TU)
Range
Toxicity level TU ≥ 100 highly toxic 25 ≤ TU < 100 toxic 10 ≤ TU < 25 low toxic TU < 10 non-toxic Table 6 The results of the Microtox® toxicity test performed on bottom sediment samples from the Port of Gdansk Table 7 Equations and the coefficient of determination (R 2 ) describing the relationship between the toxicity and sediment parameters Bottom sediment parameters (except TOC) and the value of toxicity were more strongly correlated with the content of very fine grained sand fraction (φ 0.125-0.063 mm) than with the silty grained fraction (φ < 0.063 mm) for all the analyzed sediments (Table  7) . This confirms that properties of sediments from the Port of Gdansk depend more on the content of a very fine grained sand fraction (Radke 2007 , Radke et al. 2008 ). According to the literature, a high amount of the fine fraction and high values of physicochemical parameters (moisture content, organic matter content, black carbon and total organic carbon) of the bottom sediments result in sorption of greater amounts of contaminants, causing a higher toxicity (Pempkowiak 1997 , Niemirycz et al. 2007 . Correlation between PCDD/Fs, PCP concentrations, toxicity and sediment parameters was not performed due to insufficient data. The conducted toxicological studies and literature data (Wolska & Mędrzycka 2009 ) suggest that bottom sediments from the Port of Gdansk present a different effect on the bacteria Vibrio fischeri. Low or non-toxic effects were most common. According to the monitoring results of the bottom sediment status in the Port of Gdansk and other studies, the allowable concentrations of trace metals (Ar, Cr, Zn, Cd, Cu, Ni, Pb, Hg) and persistent organic pollutants (PCBs and PAHs) were not exceeded (at most quays) (Dembska 2003 , Niemirycz & Staniszewska 2011 , ACTIA Forum 2012 . The exception was the concentration of tributyltin. The highest concentration of the organotin compound was recorded in the sediments from Wislane and Weglowe Quays (Radke et al. 2008 , Silva et al. 2014 . Based on the comparison of the available information, it can be concluded that the results of the toxicological analysis (the present study) reflect the actual condition of the harbor sediments.
Very high toxicity of bottom sediments from Chemikow Quay (2012) could not be linked with values of lithological parameters or concentration of harmful substances. This may indicate that the reactions between different substances cause an increase in toxicity due to additional or synergistic effects, despite the fact that concentrations of individual compounds were not exceeded. The presence of other unknown, extremely harmful substances is also possible (Dembska 2003 , Radke et al. 2008 , ACTIA forum 2012 .
The results of toxicity of the bottom sediment from the Port of Gdansk and the Gulf of Gdansk (Niemirycz et al. 2007 , Łukawska-Matuszewska et al. 2009 , Niemirycz & Jankowska 2011 measured using Microtox® are presented in Table 8 .
In the case of the Gdansk Deep, the significant content of the silty fraction and stagnation of water at a depth of 107 m provide good conditions for accumulation of pollutants, resulting in the high toxicity level. On the other hand, the sandy shallow bottom (10-13 m) of the Port of Gdansk located close to the shore is (to a large extent) less contaminated than the sandy offshore part of the Gulf of Gdansk. Bottom sediments from the Chemikow Quay (2012) are, however, an exception. Certainly, the position of the two stations, the type of sediments and the environmental dynamics of the area are not without significance.
CONCLUSIONS
1. The medium and fine grained sand fraction (φ < 0.5 mm to φ ≥ 0.125 mm) had the largest contribution in the bottom sediments of the Port of Gdansk. It accounted from 58% to 85% of all analyzed sediment samples. The silty fraction (φ < 0.063 mm) had a smaller contribution − from 1% to 8%. 2. All congeners of polychlorinated dibenzo-pdioxins (7 congeners) and polychlorinated dibenzofurans (10 congeners), identified by the World Health Organization (WHO) as the most dangerous ones, were detected in the surface layer of the bottom sediments from the Port of Gdansk. 3. Bottom sediments of the Port of Gdansk were contaminated with PCDD/Fs in quantities not exceeding the probable effect level (PEL) of 21.5 Table 8 Toxicity of bottom sediments from the Port of Gdansk, the Gulf of Gdansk and the Gdansk Deep
Place of sampling Name of the Quay Toxicity (TU)
The Port of Gdansk (present study) 
